The neuropeptide, neurotensin (NT), inhibits UP state generation in the cerebral cortex and temporally restricts the response to thalamic input, likely by a generalized increase in inhibition. To investigate the cellular and circuit substrate(s) for how a neuropeptide can shift the balance between cortical excitation and inhibition, we performed whole-cell recordings on slice preparations from mice expressing enhanced green fluorescent protein under control of the promoter for the homeobox gene, lhx6 (lhx6-EGFP mice). These mice identify the 2 largest classes of cortical interneurons; FS and lowthreshold-spiking inhibitory neurons. In the presence of NT, both types of lhx6-EGFP neurons were excited through a direct, Na + -dependent depolarization, and through an increase in synaptic excitation. Paired recordings identified cortical white matter (WM) neurons as a source of this excitatory input, which was strengthened in the presence of NT. NT-driven increased synaptic input caused a functional decorrelation of gap junction transmission between lhx6-EGFP neuron pairs. Finally, the synaptic transmission between pyramidal cells and lhx6-EGFP neurons was modulated by addition of NT in favor of stronger inhibition and weaker excitation. These findings demonstrate the existence and functional consequences of an intracortical WM neuron projection, and suggest mechanisms underlying NT-induced promotion of wakefulness.
Introduction
Interneurons comprise approximately 15% of all rodent cerebral cortex neurons (Beaulieu 1993) and act through several mechanisms to powerfully shape cortical network activity and sensory processing (e.g., Haider et al. 2013) . Two of the most numerous and best studied groups of interneurons are the fast spiking (FS) and low threshold spiking (LTS) neurons. These share a common origin in the median ganglionic eminence and can be identified by their expression of the LIM-homeobox protein, lhx6 (Lavdas et al. 1999) . In sensory cortices, LTS interneurons have been shown to mediate lateral inhibition that curtails the spatial spread of depolarization, enabling more specific information processing (Adesnik and Scanziani 2010) .
FS interneurons are believed to inhibit the temporal spread of activity, setting a general inhibitory tone. In addition, FS interneurons contribute to oscillatory network behavior in the gamma range (Cardin et al. 2009 ) that is believed to be important for cognition. Both subtypes of interneurons are strongly connected through gap junctions within their respective subgroups (Gibson et al. 1999) . Electrical connectivity is a powerful means of synchronizing activity, ensuring a more effective inhibition (see Connors and Long 2004) . The importance of inhibition for information processing is underscored by the shift in excitation/inhibition balance toward inhibition following the transition from sleep to wakefulness (Haider et al. 2013; CastroAlamancos 2014) , and by the potential for feed-forward inhibition to decorrelate networks as a means of maximizing information processing capacity (see Treviño 2016) .
State transitions can be generated by the actions of neuromodulators that reach the cortex by ascending projections. Neurotensin (NT; Carraway and Leeman 1973 ) is a neuropeptide that has been linked to wake-promoting ascending systems, and can exert direct effects on cortical neurons (Audinat et al. 1989; Case et al. 2016; Wenger Combremont et al. 2016a , 2016b . In a recent study (Case et al. 2016) , we showed that NT can shift the rat cortical network from a synchronized behavior associated with deep sleep to a desynchronized state exhibiting the characteristics of waking. These network effects were paralleled by an NT-induced increase in overall inhibition that included depolarization of FS interneurons, as well as increased excitatory drive of these cells. A possible candidate for the augmented excitatory drive were NT-stimulated neurons residing in the white matter (WM) at the deep vertical edge of the cortex, constituting part of the so-called persistent subplate (Kostovic and Rakic 1980) . These findings raise questions about the mechanism whereby NT acts on interneurons, the repertoire of interneurons activated by NT, and, importantly, the connectivity between WM cells and interneurons. We have addressed these issues using electrophysiological recordings in slices of the cerebral cortex of mice expressing enhanced green fluorescent protein (EGFP) under control of the "lhx6" promoter (lhx6-EGFP mice). Our data demonstrate a powerful recruitment of FS and LTS interneurons via WM neurons, which are shown to be functionally integrated in the young adult mouse cortical circuitry through direct connections to lhx6-EGFP interneurons. In the presence of NT, interneuron-pyramidal connectivity was shifted in favor of inhibition and decorrelation of functional lhx6-EGFP connectivity was observed.
Methods

Animals for Electrophysiology
Male and female 21-35 day old mice, expressing EGFP under the lhx6 promotor ("lhx6-EGFP mice"), were housed with ad libitum access to standard chow and tap water in a temperature-controlled environment under 12:12 h light:dark conditions with lights on at 6:00 AM. The lhx6-EGFP mouse line used in this study has previously been characterized with regard to its expression pattern in the cerebral cortex (Gong et al. 2003) . All animal experiments had received prior approval by the local ethical board, Stockholms Norra Djurförsöksetiska Nämnd, and were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Whole-Cell Recordings
Slices were prepared using a procedure modified from Aghajanian and Rasmussen (1989) . Animals were deeply anesthetized with sodium pentobarbital and decapitated. The brain was rapidly dissected out and placed in an ice-cold and oxygenated (95%O2/5%CO2) "slicing" solution containing (in mM) sucrose (214), NaHCO 3 (26), D-glucose (10), CaCl 2 (2), KCl (2.5), MgSO 4 (2), NaH 2 PO 4 (1.3) and subsequently glued to a vibratome (Leica) where 300 μm thick sagittal slices of the somatosensory cortex were cut. Slices were immediately transferred to artificial cerebrospinal fluid (aCSF) containing (in mM) NaCl (124), NaHCO 3 (26), D-glucose (10), KCl (3.5), CaCl 2 (1), MgSO 4 (1), and NaH 2 PO 4 (1.25) in a continuously oxygenated submersion style holding chamber at 35°C for a period of 30 min. Subsequently, slices were allowed to recover in aCSF at room temperature for a minimum of 1 h before recording. For whole-cell recordings, slices were transferred to a submerged chamber (Warner Instruments) and placed on an elevated grid that allows perfusion both above and below the slice. An Axio Examiner upright microscope (Carl Zeiss) was used for infrared differential interference contrast visualization of cells. Recordings were performed at near physiological temperature (36°C), and slices were continuously perfused with oxygenated aCSF at a rate of ∼5 mL/min.
Whole-cell current-and voltage-clamp recordings were performed with pipettes (3-7 MΩ when filled with intracellular solution) made from borosilicate glass capillaries (World Precision Instruments) pulled on a P-97 Flaming/Brown micropipette puller (Sutter Instruments). The intracellular recording solution used in experiments contained (in mM) K-gluconate (140), KCl (3), HEPES (10), EGTA (0.2), MgCl 2 (2) and Na 2 ATP (2), pH 7.3 (with KOH). Recordings were performed using a Multiclamp 700B amplifier and pClamp9 software (Molecular Devices). Slow and fast capacitative components were automatically compensated. Access resistance was monitored throughout the experiments, and neurons in which the series resistance was >25 MΩ or changed >20% during recording were not included in the final analysis. Liquid junction potential was 16.4 mV and not compensated. The recorded current was sampled at 10 kHz.
Reagents
All pharmacological agents were applied in the bath unless otherwise stated. NT was typically bath applied for approximately 30 s. NT was purchased from Phoenix Pharmaceuticals and the NT receptor (NTR) antagonists SR142948 (0.5 μM) and SR48692 (0.2 μM) were purchased from Tocris. The concentration used for tetrodotoxin (TTX), purchased from Alomone, was 0.5 μM. MCPG (200 μM), CNQX (10 μM), AP-V (10 μM), Riluzole (10 μM), Gabazine (10 μM) were purchased from Tocris. All drugs were diluted in water, except for SR48692 which was first diluted in DMSO, and stored in frozen aliquots.
Immunofluorescence
Tissue sections were cut from brains of male (n = 3) and female (n = 3) 6-10 week old lhx6-EGFP mice, perfused with a 4% paraformaldehyde/0.2% picric acid fixative and processed for immunofluorescence with the Tyramide Signal Amplification Plus Fluorescein kit (Perkin Elmer), using primary anti-GFP antiserum (1:5000; raised in chicken; GFP-1020; Aves Labs) combined with anti-nucleobindin-1 (NUCB1) antiserum (1:500; raised in rabbit; Petersson et al. 2004 ) detected with Alexa-594 conjugated secondary antisera and counterstained with DAPI. Fluorescence image montages were automatically generated on a Zeiss Axio Imager M1 with MBF Neurolucida computer software. Confocal micrographs were captured using a Zeiss LSM 800 Airyscan microscope and analyzed and processed in BitPlane Imaris. For final images, brightness, contrast and sharpness were adjusted digitally.
Analysis
MiniAnalysis was used to detect synaptic input in the same recording sequences that were used to calculate holding current. Clampfit was used to measure cross-correlation. Statistical analysis was performed with GraphPad and statistical significance was set at P < 0.05 and determined using ANOVA or Student's t-test after test for normal distribution. Synaptic events and ramps were additionally analyzed using 2-sample Kolmogorov-Smirnov (KS-2) test. Data are presented as average ± standard error of the mean unless otherwise stated.
Results
NT Decreases the UP State Frequency of the Mouse Cortical Slow Oscillation
In rat cortical slices that spontaneously exhibit the so-called "slow" (>1 Hz) "oscillation" typical of slow-wave sleep (Steriade et al. 1993) , application of NT induces a reversible reduction in UP state frequency (Case et al. 2016) . We first evaluated if NT exerts the same effect in mice, recording in whole-cell mode in a submerged chamber (the published rat results were obtained through field recordings in an interface chamber; Case et al. 2016) . Spontaneous oscillations are less reliably observed in submersion compared with interface configuration (see Case and Broberger 2013) . In 4 slices from 4 different animals, however (see example in Fig. 1A ,B), UP states were observed at a frequency of 0.13 ± 0.02 Hz. In all of these slices, bath application of NT (0.2 μM) was followed by a reversible reduction in UP state incidence ( Fig. 1C ; control: 0.13 ± 0.02 Hz vs. NT: 0.02 ± 0.01 Hz; n = 4/4; P < 0.05). Thus, similar to the rat, NT can suppress the cortical slow oscillation in mice in vitro.
NT Depolarizes Lhx6-EGFP Neurons
Lhx6-EGFP neurons were readily identified in slices of the mouse somatosensory cortex. Whole-cell recordings were first performed in layer 6; this is where NT-immunoreactive fibers are concentrated and where our recent studies identified the greatest cortical network response to NT after focal application to this layer (Jennes et al. 1982; Case et al. 2016) . In current clamp recordings, lhx6-EGFP neurons were characterized by a stable resting membrane potential (−72.19 ± 1.55 mV; n = 12) with ample synaptic input superimposed, but an absence of action potentials (APs). Interneuronal subtype (i.e., FS vs. LTS) was readily identified through the cells' electrophysiological responses to hyperpolarizing and suprathreshold current injections as previously described in for example, Ascoli et al. (2008) . Briefly, FS interneurons were characterized by their lower input resistance (63.32 ± 5.60 MΩ; n = 6) and response to suprathreshold current injections with little frequency and amplitude accommodation. In contrast, LTS interneurons exhibit a comparatively higher input resistance (187.70 ± 37.49 MΩ; n = 6) and respond to suprathreshold current injections with a train of APs that displays both frequency and amplitude accommodation ( Supplementary Fig. 1 ).
In response to bath application of NT (0.2 μM; a concentration chosen from published dose-response relationships in the rat cortex; Case et al. 2016) , both FS (n = 6) and LTS (n = 6) neurons responded by a significant depolarization ( Fig. 2Aa,b ; control: −72.19 ± 1.55 mV vs. NT: −67.58 ± 1.81 mV; n = 12/12; P < 0.001), accompanied by a dramatic increase in synaptic input and the occasional discharge of APs. Interestingly, the responses to NT were statistically indistinguishable between the 2 groups of lhx6-EGFP neurons (depolarization in the presence of NT: FS, +3.66 ± 1.05 mV vs. LTS, +4.88 ± 1.09 mV; ns). Results from FS and LTS cells have therefore been pooled in subsequent analysis. NT Induces a Na + -Dependent Inward Current in
Lhx6-EGFP Neurons
Next, neurons were recorded in voltage clamp to identify the underlying mechanism of depolarization. In this configuration, and at a command potential of −60 mV, a small, but significant, inward current (I NT ) was recorded when NT was applied (Fig. 2Ba , b,Ca; 30.10 ± 6.12 pA; n = 8; P < 0.001). Similar to current clamp recordings, the application of NT was followed by a pronounced increase in synaptic currents. When NT was applied in the presence of TTX, an antagonist of voltage-dependent Na + channels, holding current was no longer significantly changed ( Fig. 2Ca ; −1.63 ± 0.86 pA; n = 5; P < 0.001 vs. I NT in the absence of TTX), presenting the possibility that I NT may be mediated by AP-dependent synaptic excitation or disinhibition. An inward current was, however, still observed when NT was applied during pharmacological blockade of fast excitatory (i.e., in the presence of 10 μM CNQX and 50 μM APV: 18.61 ± 5.76 pA; n = 4; ns) and inhibitory (i.e., in the presence of 10 μM gabazine + CNQX + APV: 15.48 ± 4.29 pA; n = 4; ns) synaptic transmission, and in the added presence of the metabotropic glutamate receptor antagonist, MCPG (200 μM; + CNQX + APV: 18.17 ± 4.51 pA; n = 3; ns). In contrast, addition of riluzole, a blocker of the persistent Na + current (Urbani and Belluzzi 2000) , abolished the I NT (riluzole+ CNQX + APV: 0.76 ± 1.27 pA; n = 4; P < 0.001), similar to the effect of TTX (above). These findings suggest that the NT-induced excitation depends primarily on modulation of a Na + -dependent current rather than changes in synaptic input.
Finally, voltage clamp ramps (−120 to −40 mV, an interval chosen to avoid excessive contamination from the large Na + -carried action currents, which are triggered at depolarized membrane potentials) were performed during blockade of fast synaptic transmission (i.e., in the presence of CNQX, APV, and gabazine) to further elucidate the underlying current. The ramp current recorded in the presence of NT exhibited a significant parallel right-shift ( Fig. 2Cb ,c; KS-2: P < 0.01) at membrane potentials negative of approximately −65 mV, compared with that recorded in control conditions. Positive of −65 mV, the subtraction of the current recorded during application of NT with the control ramp current revealed an inward current. These findings suggest that the I NT is mediated by several postsynaptic components that may include the modulation of membrane pumps and voltage-gated Na + currents.
I NT is More Pronounced in Deeper Layers and Mediated Via NTR2
Cortical NT-immunoreactive fibers are located primarily in the deepest layers (Febvret et al. 1991; Case et al. 2016 ). To determine if NT's actions on lhx6-EGFP neurons exhibit layer dependence, voltage-clamp recordings were performed from these cells in layer 2/3 and 4/5 to compare to our findings in layer 6 (above). Neurons superficial to layer 6 also responded to NT, but the inward current observed (at a command potential of −60 mV) in the presence of NT was of significantly greater amplitude in deep layer neurons ( Fig. 2E ; layer 6:30.10 ± 6.12 pA; n = 8) compared with more superficial layers (layer 2/3:9.63 ± 1.76 pA; n = 5; P < 0.01 and layer 4/5:8.79 ± 1.05 pA; n = 5; P < 0.01 vs. layer 6 I NT ).
In the neocortex 3 NTR subtypes are expressed. The NTR1 and NTR2 are cell membrane G-protein coupled receptors. Sortilin, a protein sometimes described as an NT-binding protein and therefore designated NTR3, is believed to be intracellular (Alexander and Leeman 1998; Morris et al. 1998; . Bath application of NT in the presence of the mixed NTR1/2 antagonist, SR142948 (Gully et al. 1997) , failed to induce a significant inward current ( Fig. 2D ; −0.71 ± 0.41 pA; n = 5; P < 0.001 vs. I NT ). In contrast, when NT was applied in the presence of the selective NTR1 antagonist, SR48692 (Gully et al. 1996) , a large inward current was still observed (27.60 ± 6.80 pA; n = 5; ns vs. I NT ), suggesting an NTR2-mediated response to NT in lhx6-EGFP neurons.
NT Augments Synaptic Excitation in Lhx6-EGFP Neurons Via NTR2
Having identified postsynaptic actions of NT (above), we wanted to further determine the nature of the NT-induced increase in synaptic input to lhx6-EGFP neurons observed above. In voltage clamp recordings (command potential: −60 mV) the frequency, as well as the amplitude, of synaptic currents were observed to be significantly different in their cumulative distribution ( Fig. 3Aa , Ba; frequency: KS-2 P < 0.001; n = 5, and amplitude: KS-2 P < 0.001; n = 5). The frequency of synaptic currents was significantly increased also when analyzed as averages with t-test ( Fig. 3Ab ; control: 31.09 ± 11.67 Hz vs. NT: 77.38 ± 10.95 Hz; n = 5; P < 0.05), whereas the amplitude failed to reach significance with this measure ( Fig. 3Bb ; control: 40.89 ± 8.51 pA vs. NT: 57.93 ± 13.97 pA; n = 5; ns). Addition of TTX to the bath fully abolished the NT-induced increase in synaptic current frequency ( Fig. 3Ac ; NT: +258.70 ± 83.45% change in PSC frequency vs. NT + TTX: +0.80 ± 15.36%; n = 5; P < 0.01), supporting an AP-dependent mechanism. When NT was applied during pharmacological blockade of fast excitatory transmission (i.e., by bath application of CNQX and APV) while recording with the "high [Cl - ] ic " solution (to optimize detection of GABA A -mediated synaptic currents), no change in the frequency of synaptic currents could be seen ( Fig. 3Ac ; +8.13 ± 14.18%; n = 5; P < 0.05), indicating that the synaptic input generated by NT stimulation is exclusively excitatory. Finally, and analogous to the receptor profile of the I NT described above, the increased frequency of synaptic currents appeared to be mediated via NTR2 rather than NTR1 as demonstrated by the change in synaptic currents recorded during application of NT in the presence of SR48692 and SR142948, respectively ( Fig. 3Ac ; SR48692: +0.28 ± 7.87%; n = 5; ns and SR142948: +185.20 ± 57.83%; n = 5; P < 0.05). The amplitude of synaptic currents was not significantly affected by any of the antagonists described above ( Fig. 3Bc; ] ic : 2.51 ± 10.96 pA vs. NT+SR142948:6.97 ± 9.80 pA vs. NT +SR48692:18.79 ± 13.27 pA; n = 5; ns).
WM Neurons Provide Direct Excitatory Input to Lhx6-EGFP Interneurons and are Excited by NT
WM neurons are a group of primarily excitatory neurons residing in, or directly above, the cortical WM, forming part of the so-called persistent subplate (Hoerder-Suabedissen and Molnár the interval negative of approximately −65 mV; depolarized of this value a progressive increase in current amplitude can be seen. (Above ca. −50 mV, the subtracted trace is contaminated by large action currents.) (D) Distribution of membrane currents recorded in the configuration illustrated in Ba with addition of the selective NTR1 antagonist, SR48692, or the mixed NTR1/2 antagonist, SR142948, shows that the I NT is abolished only in the presence of the latter (***P < 0.001). (E) The I NT recorded in lhx6-EGFP neurons in different cortical layers (L6, L4/5, L2/3); the current recorded in layer 6 cells is significantly larger than that recorded in more superficial strata (*P < 0.05 cf. L6). Scale bar in Aa, 10 mV/1 min, inset 0.2 s; in Ba, 100 pA/ 1 min. 2013). We recently showed that WM neurons in the rat are strongly depolarized by NT and constitute a potential source of excitatory input to FS and LTS interneurons (Case et al. 2016) . To directly evaluate this possibility, we performed simultaneous current clamp recordings of pairs of a WM neuron and an lhx6-EGFP neuron located in proximity (less than 300 μm) to the WM. In this configuration, we observed a high degree of connectivity observed as a synaptic potential in the lhx6-EGFP neuron in response to a train of 5 evoked APs (20 Hz) in the WM neuron (n = 6/17 pairs; 1/6 LTS; 5/6 FS; latency: 3.25 ± 0.43 ms; Fig. 4B , averages displayed in Fig. 4C ). Reciprocal connectivity, that is, from the lhx6-EGFP neurons to the WM neuron was only observed in one of 17 pairs but as the experimental setup was optimized for detection of excitatory and not inhibitory synapses (i.e., physiological intracellular Cl − concentration), some connections may have escaped detection. Neurons were recorded at a resting membrane potential of between −70 and −60 mV, close to the reversal potential for GABAergic input. Therefore, the synaptic potentials recorded in lhx6-EGFP neurons are assumed to be excitatory (the possibility of inhibitory connectivity was not investigated in this experiment). The synaptic response exhibited different configurations but in several cases (n = 4/7) we observed a waxing-waning pattern in amplitude (see example in Fig. 4Aa-c) . This behavior exhibited a similar time course as the rhythmic behavior sometimes observed in the synaptic input in lhx6-EGFP neuron single cell recordings (see Fig. 2Ba ).
An example recording of a WM-lhx6-EGFP neuron pair is depicted in Figure 5A . Following application of NT, WM neurons depolarize (+14.13 ± 6.75 mV; n = 6) and discharge APs (6.32 ± 1.89 Hz; n = 6), which is in agreement with a combination of persistent and transient NT responders identified in rat (Case et al. 2016) . Coincident with this depolarization, the lhx6-EGFP neuron exhibits a marked increase in synaptic-like input. The synaptic properties of the same pair are depicted in Figure 5B . The amplitude of the excitatory connection was significantly enhanced in the presence of NT ( Fig. 5C ; control: 1.13 ± 0.29 mV vs. NT: 1.68 ± 0.38 mV; n = 6; P < 0.01). The average synaptic input frequency in lhx6-EGFP interneurons was 77.38 ± 10.95 Hz (Fig. 3Ab ) compared with WM firing frequency at 6.32 ± 1.89 Hz. The data thus suggest that multiple neurons provide excitatory input to each lhx6-EGFP interneuron. Paired-pulse ratio was not significantly affected (control: 0.69 ± 0.16 vs. NT: 0.50 ± 0.16; not shown). Figure 5D ,E illustrates the distribution of lhx6-EGFP neurons relative to neurons in layer 6b and the WM (visualized with the pan-neuronal marker nucleobindin 1; Tulke et al. 2016 ).
Gap Junction-Coupled Lhx6-EGFP Interneurons Functionally Decorrelate in the Presence of NT
Interneurons of the FS and LTS subtypes are connected by gap junctions within their respective subpopulations (Gibson et al. 1999 ). These electrical synapses have been implicated in the synchronization of the cortical network (Tamas et al. 2000) . Synaptic noise, reflecting a high conductance state, can alter a neuron's response to input by influencing gain control, as well as responsiveness (Destexhe et al. 2003; Hasenstaub et al. 2007 ).
Having identified a large increase in the synaptic contribution to membrane potential variability (or "noise") in lhx6-EGFP neurons in the presence of NT (above) with a concomitant decrease in input resistance, we predicted that the peptide would impair the functional electrical connectivity within these groups. To test this hypothesis paired recordings of lhx6-EGFP neurons were performed (see example in Fig. 6Aa ). Subthreshold current pulses were injected at 20 Hz into cell 1 and the ratio of the resultant voltage deflection in cell 1 and cell 2 was calculated as coupling coefficient. Pairs were included for analysis if the coupling was strong enough to yield a voltage deflection ≥1% in cell 2 when current was injected in cell 1 (n = 8/95 pairs tested). The average coupling strength between each pair was modestly, but significantly, reduced in the presence of NT ( Fig. 6Ab ; control: 3.85 ± 0.72% vs. NT 3.54 ± 0.68%; n = 8; P < 0.05). Notably, under control conditions, the pulses injected into cell one could clearly be distinguished in cell 2 as individual voltage deflections. In contrast, in the presence of NT, responses could be absent in cell 2 for a series of pulses whereas, on occasion, pulses elicited a very large amplitude response. When this variability was quantified as coefficient of variation (CV; the variation of coupling strength when averaging all individual pulses for each cell in the 2 conditions), a striking and significant increase was found ( Fig. 6Ac ; control: 27.09 ± 5.97% vs. NT: 55.18 ± 8.72%; n = 8; P < 0.001). Similarly, the lhx6-EGFP cells in the coupled pairs exhibited a significantly reduced crosscorrelation (Pearson's r) in NT (0.45 ± 0.04) compared with control ( Fig. 6Ba,b ; 0.63 ± 0.04; n = 8; P < 0.01). To determine if the observed electrical coupling changes were a result of the increased excitatory synaptic transmission recruited by NT (in contrast to e.g., direct changes on gap junction channel conductance), the same experiment and analyses were repeated under blockade of ionotropic glutamate receptors through bath application of CNQX and APV (n = 5). Under these conditions, no significant % change from baseline could be observed and data were significantly different to observations with NT alone for coupling coefficient ( Fig. 6Ca ; NT: −8.50 ± 2.97% vs. NT +CNQX+AP-V: 3.89 ± 1.91%; n = 8 and 5; P < 0.05), CV ( Fig. 5Cc ; NT: 193.00 ± 53.84% vs. NT+CNQX+AP-V: −0.62 ± 8.61%; n = 8 and 5; P < 0.005) and cross-correlation ( Fig. 6Cb ; NT: −27.81 ± 5.47% vs. NT+CNQX+AP-V: −1.65 ± 4.10%; n = 8 and 5; P < 0.05). Finally, input resistance was not affected in the presence of NT during block of fast excitatory transmission (control: 57.37 ± 9.47 MΩ vs. NT: 58.03 ± 9.27 MΩ; n = 10; ns). These findings suggest that NT functionally decouples gap junction-connected lxh6-EGFP interneurons through augmentation of excitatory synaptic drive leading to a decrease in input resistance.
Depolarization and Changes in Synaptic Currents in Pyramidal Cells in Response to NT
Pyramidal neurons are the main intrinsic generator of excitatory input within the cortical network. Thus, these cells (or a subgroup thereof) are potential candidates to act as an additional source of the NT-induced excitatory input in lhx6-EGFP neurons.
In the presence of NT, pyramidal neurons in layer 6 (n = 6) exhibited a small, albeit significant, depolarization ( Fig. 7Aa,b ; membrane potential in control: −62.68 ± 1.51 mV vs. in NT: −60.07 ± 1.26 mV; P < 0.01), but in no case was the depolarization of sufficient magnitude to bring the cell above firing threshold for APs. In voltage clamp (at a command potential of −60 mV), no significant membrane current was recorded in the presence of NT ( Fig. 7Ba,b ; control: 21.11 ± 12.26 pA vs. NT: 6.56 ± 15.59 pA; n = 6; ns), and no difference in the frequency of synaptic currents was observed (control: 10.69 ± 1.36 Hz vs. NT: 10.88 ± 2.89 Hz, n = 5; ns; KS-2; ns; not shown). The amplitude of synaptic currents also remained statistically unchanged when assessed by t-test (control: 34.15 ± 1.72 pA vs. NT: 35.77 ± 0.98 pA; n = 5; ns) although the distribution of amplitudes exhibited a significant shift to the right in the KS-2 test (P < 0.05) in the presence of NT. When pyramidal cells were recorded using the "high [Cl - ] ic " solution to amplify the contribution of GABA A -mediated currents, a small, but significant, depolarization was observed in current clamp mode in response to NT application (control: −69.57 ± 1.02 mV vs. NT: −68.66 ± 0.99 mV; n = 15; P < 0.01; not shown), similar to what was observed using standard intracellular recording solution (above). No significant change in membrane holding current could be recorded in voltage clamp ( Fig. 7Ca,b ; control: 19.63 ± 17.01 pA vs. NT 11.21 ± 19.43 pA; n = 7; ns), but the frequency of synaptic currents more than doubled (Fig. 7Da,b,d ; control: 21.37 ± 3.76 Hz vs. NT: 48.49 ± 11.41 Hz; n = 7; P < 0.05; KS-2; P < 0.05). In contrast, the amplitude of synaptic input remained unaffected ( Fig. 7Dc,e; control: 16.71 ± 3.86 pA vs. NT: 28.67 ± 7.10 pA; n = 7; ns; KS-2; ns). These results suggest that application of NT causes an increased inhibitory drive of pyramidal cells, as well as a strengthened excitatory input on top of a slight depolarization apparently independent of fast synaptic transmission. The NT-induced reduction in coupling strength was not observed when fast (ionotropic) synaptic transmission was blocked by the simultaneous application of CNQX, APV, and gabazine (*P < 0.05). (Cb) The NT-induced reduction in cross-correlation strength was significantly reduced by fast synaptic blockade (**P < 0.01). (Cc) The NT-induced increase in CV was abolished by fast synaptic blockade (**P < 0.05). Scale bars in A 0.5 (top traces)/3.5 mV (bottom traces) and 100 ms.
Pyramidal-Lhx6 and Lhx6-Pyramidal Connectivity is Oppositely Modulated by NT
Finally, paired recordings of pyramidal neurons and lhx6 interneurons in layer 6 were performed to investigate if the strength of connectivity between these cells is subject to modulation by NT. Lhx6-EGFP input to pyramidal neurons was revealed through high Cl − loading of the intracellular solution leading to the IPSPs appearing as positive voltage deflections. A total of 99 pairs were assessed for pyramidal-lhx6 connectivity, of which 7 were found to be connected. Vice versa, 58 pairs were assessed for lhx6-pyramidal connectivity and 7 connections were found; in one case the connection was bidirectional. Of the lhx6-EGFP cells connected to pyramidal neurons, 6 were of the FS class and only one exhibited LTS characteristics. In all 7 cases, the effect on the connection of NT application was the same (vide infra). The inhibitory lhx6-EGFP-pyramidal neuron synaptic response was but not amplitude (bottom) of synaptic currents is significantly increased in the presence of NT (*P < 0.05). (Dc) The distribution of synaptic current frequency (top) is significantly right-shifted in the presence of NT, but the distribution of amplitude (bottom) is not significantly changed (***P < 0.001). Scale bars in Aa 2 mV/50 s; in Ba and Ca 50 pA/50 s; in Da 50 pA/2 s.
significantly increased in amplitude in the presence of NT ( Fig. 8Aa,c ; control: 1.03 ± 0.52 mV vs. NT: 1.47 ± 0.60 mV; n = 7; P < 0.05), in agreement with a shift toward stronger inhibition in relation to excitation described at the network level (Case et al. 2016) . Contrariwise, the pyramidal neuron-lhx6 connection was significantly decreased in amplitude when NT was applied ( Fig. 8Ba,c ; control: 0.61 ± 0.30 mV vs. NT: 0.34 ± 0.20 mV; n = 6; P < 0.05). Furthermore, paired-pulse ratio in the lhx6-pyramidal neuron connection was significantly decreased following application of NT ( Fig. 8Ab ; control: 1.32 ± 0.52 vs. NT: 0.94 ± 0.19; n = 7; P < 0.05), indicating an increased release probability. Paired-pulse ratio in the pyramidal-lhx6 connection was, however, not significantly altered ( Fig. 8Bb ; control: 0.78 ± 0.11 vs. NT: 1.5 ± 1.37; n = 6; ns).
Discussion
Inhibitory interneurons are essential for the proper functioning of cortical networks. They play a protective role by curtailing runaway excitation, and contribute crucially to information processing by setting the spatiotemporal constraints for pyramidal cell discharge (Gabernet et al. 2005; see Treviño 2016) . Thus, the relationship between inhibition and excitation is a central factor in cortical operations, and subject to state-dependent modulation. In sleep, inhibition and excitation exhibit a balanced relationship (Shu et al. 2003) . As the forebrain shifts to the awake state and information processing mode, inhibition dominates over excitation in the cortical network (Haider et al. 2013) . The activity of interneurons and thus the level of inhibitory drive is influenced by several factors: Direct excitation from pyramidal neurons (the largest group of cortical neurons), excitation from the thalamus, and the actions of neuromodulators reaching the cortex from subcortical projections (Beierlein and Connors 2002; Bacci et al. 2005) . Among the neuromodulators, attention has primarily been directed toward biogenic amines and acetylcholine. It is, however, becoming apparent that neuropeptides can also contribute to cortical state transitions. NT was first shown to promote wakefulness over 25 years ago (Castel et al. 1989) . The peptide has since been reported to modulate cortical activity and cortical neurons through direct actions (Audinat et al. 1989; Case et al. 2016; Wenger Combremont et al. 2016a , 2016b as well as via effects on ascending systems (Castel et al. 1989; Cape et al. 2000; Furutani et al. 2013) . Recently, we demonstrated that NT can shift the cortical network in the rat toward an awake-like state by promoting inhibition (Case et al. 2016 ). This study implicated powerful postsynaptic actions of NT on WM neurons. The underlying circuitry and alterations of functional connectivity are, however, difficult to assess in the wild-type rat, where the selection of neurons for recording relies on external features that are often difficult to distinguish. Here, we use lhx6-EGFP mice that allows us to specifically address the role of the majority of intrinsic GABAergic neurons in mediating the cortical effects of NT, since lhx6 provides a genetic tag for both FS and LTS neurons that together make up 70% of the cortical interneuron population (Xu et al. 2010) . We show that NT recruits both FS and LTS interneurons in the somatosensory cortex directly as well as indirectly, relayed through excitatory WM neurons. These combined presynaptic and postsynaptic effects may explain how the peptide suppresses sleep (Castel et al. 1989) . Furthermore, our data provide new insight into how persistent subplate neurons are functionally integrated into the cortical microcircuit.
In lhx6-EGFP neurons, the application of NT resulted in a direct depolarization associated with an inward current. Notably, the excitation was seen in both LTS and FS neurons, and echoed our earlier observations in rat FS neurons (Case et al. 2016) . The I NT consisted of multiple components, assuming the shape of a parallel shift at more hyperpolarized membrane potentials, and was characterized by a sensitivity to TTX and riluzole. While further work is required to determine the exact identity of NTsensitive conductances, this first characterization suggests that ion exchangers, as well as the persistent Na + current, may be downstream targets of the NTR in lhx6-EGFP interneurons. The postsynaptic lhx6-EGFP effects of NT were observed in all layers, but were particularly pronounced in layer 6, and exhibited a pharmacological profile indicative of mediation via NTR2. These data further support the laminar preference of NT modulation and the role for NTR2 in cortical network reconfiguration, in agreement with the peptide's actions in the rat (Case et al. 2016) .
The most prominent effect of NT application on lhx6-EGFP neurons was, however, presynaptic in the form of a sharp increase in excitatory synaptic input (similarly dependent on the NT2R). The deepest layers of the cortex and, in particular, WM neurons have previously been identified as exceptionally sensitive to NT (Case et al. 2016) , suggesting that this discrete neuronal subpopulation may be the upstream source of NT-induced excitation. This possibility is further supported by the fact that WM cells are primarily excitatory (Hoerder-Suabedissen and Molnár 2013) and can project as far upwards in the cortical column as layer 1 (Clancy and Cauller 1999) . Paired recordings revealed a monosynaptic, previously not described, excitatory connection from WM neurons to lhx6-EGFP interneurons. Connectivity was observed in over a third of randomly selected pairs, indicating a substantial innervation of lhx6-expressing interneurons from the persistent subplate.
Excitation of WM neurons by NT was paralleled by a prominent increase in excitatory synaptic currents in synaptically connected lhx6-EGFP neurons, as well as an increased amplitude of individual PSP. These findings provide compelling indications that the change in cortical activity driven by NT largely depends on the peptide's excitatory actions on WM neurons, following local release by the NT-containing terminals clustered there (Jennes et al. 1982; Case et al. 2016) , and the subsequent recruitment of FS and LTS interneurons. (For the role of pyramidal cells, see below.) Such a synaptic arrangement would also explain the recent finding by Wenger Combremont et al. that NT causes a direct postsynaptic depolarization of slow bursting neurons in layer 6b (2016a; confirming Case et al. 2016 ) whereas the NT-induced depolarization of FS cells in the same layer is sensitive to blockade of synaptic transmission (2016b). This WM-to-lhx6 connectivity may have general importance for the relay of subcortical arousal inputs, as both orexin/hypocretin peptides (Bayer et al. 2004 ) and cholecystokinin (Chung et al. 2009 ) have been shown to preferentially act on persistent subplate neurons in the cortex. It should be noted in this context that FS and LTS neurons exhibit important differences in for example, their responses to synaptic excitation (Beierlein et al. 2003; Adesnik and Scanziani 2010) . These differences-with regard to NT-mediated modulation of synaptic input-were not explored in depth in our study (in part because earlier literature has focused on the pyramidal cell projections to inhibitory interneurons, rather than the pathways from WM cells that we present evidence for here). Any such differences notwithstanding, it should be noted that the excitatory influence of WM cells, and the strengthening thereof by NT, appears to encompass both FS and LTS cells, suggesting a broad recruitment of cortical inhibitory cells by this neuromodulator.
This strengthening of excitatory input to lhx6 neurons provided by WM neurons has important implications. Both FS and LTS interneurons are connected within their subgroups through gap junctions (Gibson et al. 1999) , endowing them with the ability to synchronize activity within the cortex (Tamas et al. 2000) . The fidelity of synchronization mediated via electrical synapses can, however, be disrupted by chemical synaptic transmission (see Pereda 2014) . This relationship led us to explore if electrical coupling in the lhx6 population is affected as a result of the NTinduced barrage of synaptic excitation. Indeed, in the presence of NT, the variability of coupling was significantly increased, and the correlation of membrane potential within lhx6 pairs was decreased. This reduced correlation is likely due to the attenuated input resistance, which we hypothesize is more pronounced locally in the dendrite. Another possibility is an NMDA-mediated decrease in gap-junctional coupling as previously described in (Mathy et al. 2014) , since the effect was abolished by APV in combination with CNQX. This finding suggests that release of NT can lead to the disassembly of FS and LTS ensembles (in addition to the direct stimulatory effect on lhx6 interneurons promoting a general increase in inhibition). A "noisy" membrane potential is typical of cortical neurons in waking and has been proposed as a requisite for effective information processing (Luczak et al. 2009 ). The desynchronization of cortical network activity, resulting from an attenuating influence of increased WM neuron synaptic excitation upon lhx6 electrical coupling, could thus be a powerful means for NT to configure the cortex for the reception and interpretation of sensory input typical of the awake state.
Finally, we explored the effects of NT on pyramidal neurons, particularly in the context of their connectivity to lhx6 interneurons. In contrast to the NT-mediated "hyperpolarization" seen in the rat (Case et al. 2016) , mouse pyramidal neurons exhibited a modest "depolarization" in addition to an increase in excitatory input. Yet, similar to rat pyramidal cells, NT stimulation increased inhibitory input in these neurons. Pyramidal neurons form reciprocal direct connections with local FS and LTS neurons (Beierlein et al. 2003 ). As we only observed a smaller increase in lhx6-EGFP neuron discharge in response to NT, it cannot be unambiguously concluded that the increased inhibitory drive to pyramidal cells can be attributed to these neurons, and not to other sources of synaptic inhibition. Importantly, however, paired recordings of pyramidal neurons and lhx6-EGFP cells revealed a connectivity shift toward stronger inhibition where interneuron-to-pyramidal cell synapses were strengthened and the inverse was observed in the opposite direction. During sensory input FS interneurons contribute feed-forward inhibition (Mountcastle and Powell 1959 ) that temporally constrains the cortical response to sensory stimulation. The strengthening of the interneuron-to-pyramidal cell connection by NT could facilitate this termination, providing a further mechanism whereby NT might "sharpen" the response to incoming stimuli.
In conclusion, this study identifies a number of actions throughout the cortical microcircuitry, including recruitment of specific neuronal subgroups, functional decorrelation of interneuron ensembles, and altered synaptic communication, which collectively promote a desynchronized cortical state and therefore may contribute to the analeptic actions of NT. A key circuit feature to accomplish a broad network effect is the direct connection from the WM cells of the persistent subplate to the largest class of inhibitory interneurons identified here. Notably, the FS and LTS cells that together make up the lhx6-expressing population differ substantially in for example, membrane properties and how they inhibit their downstream targets (Ascoli et al. 2008) . Thus, several modes of GABAergic signaling may be recruited following NT release, providing for a multipronged inhibitory effect. Future work will need to determine the separate contributions of FS and LTS cells in this regard, and if the coupling scheme originating in the deepest cortical layers is exclusive to NT or may be a target also for other subcortical arousal mediators.
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